[1] High Resolution Stereo Camera (HRSC) images of Hadriaca Patera, Mars, in combination with Mars Orbiter Camera (MOC), Mars Orbiter Laser Altimeter (MOLA), and Thermal Infrared Imaging System (THEMIS) data sets, reveal morphologic details about this volcano and enable determination of a chronology of the major geologic events through new cratering age assessments. New topographic measurements of the Hadriaca edifice were also made from a HRSC-based high-resolution (125 m) digital terrain model (DTM) and compared to the MOLA DTM. We find evidence for a complex formation and erosional history at Hadriaca Patera, in which volcanic, fluvial, and aeolian processes were all involved. Crater counts and associated model ages suggest that Hadriaca Patera formed from early shield-building volcanic (likely explosive pyroclastic) eruptions at $3.7-3.9 Ga, with caldera formation no later than $3.5 Ga. A variety of geologic activity occurred in the caldera and on the northern flank and plains at $3.3-3.5 Ga, likely including pyroclastic flows (that partially filled a large crater NW of the caldera, and plains to the NE) and differential erosion/deposition by aeolian and/or fluvial activity. There were some resurfacing event(s) in the caldera and on the eastern flank at $2.4-2.6 Ga, in which the eastern flank's morphology is indicative of fluvial erosion. The most recent dateable geologic activity on Hadriaca Patera includes caldera resurfacing by some process (most likely differential aeolian erosion/deposition) in the Amazonian Period, as recent as $1.5 Ga. This is coincident with the resurfacing of the heavily channeled south flank by fluvial erosion. Unlike the Tharsis shields, major geologic activity ended at Hadriaca Patera over a billion years ago.
Introduction
[2] ''Highland paterae'' [Peterson, 1978; Schultz, 1984] , surrounding the Hellas basin, are among the oldest central vent volcanoes on Mars [Scott and Carr, 1978] . They have shallow, central calderas on low-relief, deeply dissected shields exhibiting radial channels and ridges [Plescia and Saunders, 1979; Greeley and Spudis, 1981] , and are therefore morphologically distinct from the Tharsis and Elysium shields. The main edifices of Hadriaca and Tyrrhena Paterae in particular display a lack of primary lava flow features which, along with the nature of their eroded flanks, suggested that they are composed mostly of friable deposits, and that they are probably shields formed by gravity-driven pyroclastic flows [Greeley and Spudis, 1981; Crown and Greeley, 1993] . This hypothesis is supported by results from modeling of pyroclastic flow emplacement [Crown and Greeley, 1993; Greeley and Crown, 1990; Gregg and Crown, 2004; Gregg and Farley, 2006] and by geologic mapping [Gregg et al., 1998; Crown and Greeley, 2007] .
[3] New images of Hadriaca Patera from the High Resolution Stereo Camera (HRSC) on the European Space Agency's Mars Express (MEx) orbiter [Neukum et al., 2004a] cover the whole volcano at relatively high resolutions (25 -50 m/pixel). These images, when used in combination with narrow-angle images ($2-12 m/pixel) from the Mars Global Surveyor (MGS) Mars Orbiter Camera (MOC) and images (VIS: 18, 36 m/pixel; IR: $100 m/pixel) from the Mars Odyssey (MO) Thermal Infrared Imaging System (THEMIS) [Christensen et al., 2004] , provide new data sets to reassess previous Viking Orbiter -based geo-logic mapping. Furthermore, the HRSC stereo images enable digital terrain models (DTMs) to be derived at a spatial resolution of up to 125 m/pixel, which can be compared with MGS Mars Orbiter Laser Altimeter (MOLA) data to assess regional slopes around the volcano. In addition, the HRSC images, which cover large areas at consistent resolution, are ideal for age assessments using impact crater statistics [e.g., Hartmann and Neukum, 2001] . In this paper we discuss insights into aspects of the volcanic and erosional history of Hadriaca Patera, including new information about the volcanic map units, new cratering model ages for the map units, and the use of stereo imagebased topographic data to constrain models of pyroclastic flow emplacement. This work is not intended to be an exhaustive treatment of all the processes that have shaped Hadriaca Patera, but rather focuses on evaluation of previous geologic mapping of Crown and Greeley [2007] and assignment of crater count model ages to map units using the new data sets.
HRSC Imaging
[4] The HRSC imaged Hadriaca Patera on MEx orbits 528 (19 June 2004) and 550 (25 June 2004) . Orbit 528 coverage included nadir imaging at $44 m/pixel (reprocessed to 25 m/px) ( Figure 1a) , with corresponding stereo imaging at $88 m/pixel and 4-color (red, green, blue, infrared) imaging at $176 m/pixel. Orbit 550 included nadir and stereo imaging at 50 m/pixel. Super Resolution Channel (SRC) mosaics were also obtained on each orbit, imaging parts of the caldera rim region at $10 m/pixel. For both orbits, 200 m spatial resolution DTMs and corresponding orthorectified images were generated as preliminary products, which enable the production of color perspective views. A 125 m, high spatial resolution DTM (with mean 3D point accuracy of $24 m) was also generated using the nadir and stereo-2 channels from orbit 550 data to calculate regional slope values for comparison to MOLA data.
Comparison of New Data Sets to Previous Mapping
[5] We studied all the HRSC data covering Hadriaca Patera, with a focus on the 25 m/pixel nadir image from orbit 528 (Figure 1a ), along with available MOC and THEMIS visible and infrared images and HRSC and MOLA DTMs, and compared them to the Viking Orbiter (VO) -based geologic map of Crown and Greeley [2007] . Whereas the initial characterization of the volcano into caldera, smooth (upper) flank, and channeled (lower) flank materials is consistent with the new data, the combination of HRSC and MOC images and HRSC and MOLA DTMs provides more detailed information on the caldera and flanks than was previously available. THEMIS visible images of Hadriaca were generally of lower resolution (36 m/pixel) or had poorer image quality than the HRSC images; however, a 100 m resolution daytime-IR mosaic of Hadriaca was generated ( Figure 1b ) and was useful to study and compare to the HRSC images.
Caldera
[6] The caldera of Hadriaca Patera was characterized as a single geologic unit in the Viking-era mapping Greeley, 1993, 2007] , due to the limited resolution of the VO images. A visual analysis of morphology and crater abundances in the HRSC images of the Hadriaca caldera floor suggests that there might be evidence for multiple resurfacing events. This observation is consistent with a preliminary crater count on the HRSC image from orbit 528, in which the whole caldera floor was counted as a single unit. The resulting cumulative crater size-frequency curve contains multiple ''kinks'' (Figure 2) or deviations from the standard size-frequency curve at small crater sizes, indicative of multiple ages due to one or more resurfacing events [e.g., Neukum and Horn, 1976] (see also section 4). Where did this resurfacing likely occur in the caldera? The MOLA data (Figure 3) show nonuniform topography in the caldera, in which the west central caldera and a trough along the SW rim are the lowest elevation regions, separated by a raised ridge. However, these low-lying regions are not similar to each other in terms of morphology or crater abundance (Figure 3 ). The SW trough and raised ridge are part of a smoother terrain (at 25 m/px) in the HRSC image (along with the northern caldera floor below the rim), whereas the west central region of lowest elevation is rougher and more heavily cratered (Figure 3) . The east side of the caldera floor has slightly higher elevation, appears more heavily cratered, and contains small (hundreds of m to <1 km diameter) dome-like features. These features, also observed in VO images, were interpreted to be either primary (volcanic?) or secondary (erosional?) features [Crown and Greeley, 1993] . In the HRSC image, some of these hills have rounded surfaces, with appearances consistent with scoria cones.
[7] High-resolution MOC images of the Hadriaca Patera caldera (Figure 4) show (1) the floor of the SW trough contains small domical to elliptical bright mounds (20 m diameter to 60 m Â 180 m) interspersed with small ( !12 m diameter) impact craters; (2) the central caldera floor lacks these mounds but displays many small craters; and (3) the eastern caldera region contains dome-like features and appears more subdued, as if aeolian mantles or other resurfacing has rendered many of the smaller craters invisible. Our interpretation of geologic activity in the caldera based on analysis of the MOC images is that the entire caldera floor was probably mantled, and the mantling deposits are best preserved in the center (where they may have been shielded from aeolian erosion due to the lower elevation). The surface of the SW trough appears to be eroded by wind, leaving behind the mounds. The eastern floor is noticeably more irregular in local elevation/roughness than other parts of the caldera floor; the dome-like features here do not have pristine morphologies nor do they appear rounded. Rather, they appear mantled, and perhaps were eroded prior to mantling. We hypothesize that the young ages determined for the SW and E parts of the caldera floor (see section 5) may reflect nonuniform erosion and redistribution of mantling deposits, which would cause a loss of small craters by various combinations of erosion and burial. This hypothesis is consistent with the winds moving W-to-E across eastern Hellas. It is unclear whether the mantling deposits are part of the midlatitude type observed Cumulative impact crater size-frequency plot of the caldera of Hadriaca Patera. For this plot the whole caldera interior was considered as one unit. Note the ''kinks'' in the size-frequency curve, through which multiple curves can be fit, and which are indicative of multiple resurfacing events [Hartmann and Neukum, 2001; Werner, 2005] . Error bars for crater bin sizes based on standard practices [Crater Analysis Techniques Working Group, 1979] . in the Hellas region [Mustard et al., 2001; Milliken et al., 2003] , and/or reworked pyroclastic airfall deposits associated with Hadriaca Patera.
[8] The morphologic variations in the MOC, MOLA, and HRSC data make it difficult to determine the ideal boundaries to subdivide the caldera floor to assess regions of potential resurfacing. We elected to take advantage of the wide areal coverage at consistent and relatively high resolution afforded by the HRSC data, and subdivided the caldera floor into two broad regions only on the basis of morphology (smoothness) in the HRSC image, as shown in Figure 3 . Although the locations of unit boundaries based on the HRSC image can be debated, the morphological variation in the MOC-NA images also supports subdividing the caldera into different regions for age assessment using crater statistics. The ages of these regions are discussed in section 5.
Flanks
[9] The north rim of the caldera exhibits circumferential fractures with well-defined edges (Figure 3) , consistent with late-stage sagging of the summit region. NW of the caldera the layered nature of Hadriaca Patera's flanks is more clearly exposed in HRSC and THEMIS images than in VO data (Figures 1a and 1b) , indicating that the layers observed in the SW flanks in VO images are not simply a function of radial dissection on the steeper SW slopes. Hadriaca Patera appears to consist of well-defined layers extending in all directions around its caldera. Understanding the nature of these layers is important for understanding the types of geologic processes that formed Hadriaca Patera and its geological history; they provide insight into both aggradational and degradational events, and crater counts of these materials can provide a chronology of these events. Previous studies attempted to interpret these layers in terms of specific volcanic products (e.g., lava flows, pyroclastic deposits), and concluded that they most likely represented friable pyroclastic deposits, as there are no primary lava flow features evident within the flank materials [Greeley and Spudis, 1981; Crown and Greeley, 1993] . We attempted to assess the thickness of some of these eroded flank layers via shadow measurements on scarps using SRC images (HRSC and MOC images are not useful for this technique; HRSC images have varying incidence angles from S to N across an image, and the high incidence angles of MOC images results in few shadows suitable for such measurements). Our results ( Figure 5) show that the scarps of eroded layers on Hadriaca Patera's flanks range from $40-70 m high, with slightly higher scarps on the southern flank. These results are consistent with scarp heights on eroded layers measured from MOLA tracks ( Figure 6 ) correlated with MOC-NA images M02-02150 ($60 m) and E03-00036 (60-90 m) . The variation in scarp heights measured on the new SRC images may suggest that the scarps formed by erosion. It remains unclear, however, if Hadriaca Patera's exposed layers represent single pyroclastic units (perhaps welded cooling units) or multiple eruptive sequences. Higher resolution images are required to make this determination.
[10] The flank valleys on the south side of Hadriaca Patera, which are easily visible in HRSC and THEMIS daytime-IR images (Figures 1a and 1b) , are shallow, scarpbounded troughs, which in some cases have inner V-shaped interior valleys. These characteristics, along with amphitheater-headed upper reaches and erosional remnant mesas of the upper flank materials, have been attributed to the combined effects of groundwater sapping and surface runoff [Greeley and Crown, 1990; Gulick and Baker, 1990; Crown and Greeley, 1993] . Ejecta blankets for $5 -15 km diameter craters superpose both flank materials and the radial valleys incised into Hadriaca Patera's southern flank. This suggests that the eruptions and subsequent erosion of Hadriaca Patera were both ancient, a hypothesis which can be assessed through new crater counts [see also Crown et al., 2005] . Previous crater counts using VO images suggest Early Hesperian ages (using the stratigraphic models of Tanaka [1986] and Tanaka et al. [1992] ), which provide an older constraint on the main erosional period [Crown et al., 1992; Mest and Crown, 2001; Crown and Greeley, 2007] . Dissection of some impact crater ejecta deposits indicates that there was fluvial erosion in more recent times.
Plains
[11] North and east of the caldera, Crown and Greeley [2007] mapped the shield from VO images as consisting of both smooth and channeled flank materials, with an exposure of the smooth unit of the plateau sequence to the north of the volcano [see also Greeley and Guest, 1987] . From our analysis of the HRSC and THEMIS images of this region, there are two broad types of units that can be recognized: a smoother, layered unit (hp; Figure 7) , and a more dissected, layered unit (ef). The more dissected unit has a broad hummocky appearance but lacks well-defined channels like those on the south flank, suggestive of modification by ancient fluvial activity. The morphology of these units visible in the HRSC and THEMIS images suggest a different set of boundaries than those mapped by Crown and Greeley [2007] . In the HRSC and THEMIS images we note that the smoother unit contains two curvilinear wrinkle ridges, which we interpret as the remnant of an impact crater rim flooded by some kind of volcanic flows (unfortunately, there is no MOC-NA coverage of this area). On the basis of the proximity to the summit region, it is possible that hp is composed of more recent volcanic flows from Hadriaca Patera (perhaps from a flank vent), in contrast to ef which appear to be an older, eroded part of the shield. We can assess these possibilities by comparing crater age dates of these plains units to those on the flank and caldera to constrain whether they were emplaced synchronously, or if there has been differential erosion of these surfaces over time.
Crater Counting Methodology
[12] We mapped regions on the highest-resolution HRSC image (orbit 528 nadir channel, 25 m/px) for age assessment. We were guided by (but not constrained by) the geologic map of Crown and Greeley [2007] in defining count regions. A film transparency with our count regions indicated was produced and examined by one of us (WZ) under a Zeiss PSK-2 stereo comparator. Crater measurements were recorded and partitioned into bins of increasing crater diameter on the basis of standard practices, and these binned data were used to produce cumulative crater sizefrequency distribution plots with corresponding statistical errors [see, e.g., Hartmann, 1966; Neukum and Wise, 1976; Crater Analysis Techniques Working Group, 1979; Neukum and Hiller, 1981; Neukum, 1983] . The cumulative sizefrequency distributions were analyzed to determine crater densities at specific reference diameters, and cratering Hartmann and Neukum [2001] . Cumulative crater densities for 1-, 2-, 5-, 10-, and 16-km diameter craters were used by Hartmann and Neukum [2001] to assess relative ages for Martian geologic units and to place units into the Martian chronologic system using key units as referents [e.g., Tanaka et al., 1992] . In general, the lower the crater density (the fewer the craters that formed or have been retained (preserved) on the surface), the younger the age. A cratering model age (in Ga) is calculated from the cumulative crater density at a reference crater diameter of 1 km using an established cratering chronology model for Mars [Neukum, 1983; Hartmann and Neukum, 2001; Ivanov, 2001] , which is typically extrapolated from the lunar model (in which crater frequencies are correlated with radiometric ages from Apollo samples) that has been adjusted for the different orbital mechanics, crater scaling, and impact flux for Mars relative to the Moon. The transfer of the lunar cratering chronology model to Mars may introduce a systematic error of up to a factor of 2. This means that the typical uncertainty in cratering model ages could vary by a factor of 2 for ages <3.5 Ga (in the constant flux range), whereas the uncertainty is about ±100 Ma for ages >3.5 Ga [Hartmann and Neukum, 2001] . Extensive testing and application of these techniques, however, have shown that the applied Martian cratering chronology model results in ages for basin formation and volcanic surfaces that are in good agreement with Martian meteorite crystallization ages with respect to ''peak'' activity periods , which suggests that the chronology model is correct within an uncertainty of less than 20% [Werner, 2005] . Furthermore, all crater sizes are measured by a single technician in a single image/region, thus ensuring that any difference in the measured crater frequencies indicates an absolute age difference, with a much smaller error range than implied by the chronology model. Therefore the errors are reduced to the statistical error inherent in our measurements, leading to an error roughly of ±100 Ma. Specific error bars for each cratering model age are included in Table 1 .
[13] Regarding the ongoing discussion about the use of small crater sizes in cratering statistics, we do not observe a deviation in the size-frequency curve steepness between measured and predicted crater size-frequency distributions, except for ''kinks,'' which are attributed to resurfacing processes (erosion or deposition), even down to crater sizes Figure 6 . Scarp heights as measured on MOLA tracks coregistered with MOC-NA images (obtained from a PDS tool: http://pdsimg.jpl.nasa.gov/). Large black arrows show the distance over which the elevation change occurs given by the number to their left. These measurements show that eroded layers of (presumably) pyroclastic deposits on Hadriaca Patera's flanks are on the order of 40-90 m thick and are consistent with shadow measurements made using Mars Express SRC images. of about 100 m in diameter. We note this because of the ongoing controversy regarding the minimum crater size that is reasonable to include in crater counts of Mars [e.g., McEwen et al., 2005; Hartmann, 2005] , due to the possibility that many craters 300 m diameter are distant secondary craters rather than primary craters. Recent work by Malin et al. [2006] , who estimated the current Martian cratering rate on the basis of changes observed in MOC images over a seven year period, found that the models that scale lunar cratering rates to Mars are consistent with the observed Martian cratering rate [Hartmann, 2007] .
[14] As we indicated above, the crater size-frequency data for complex surfaces require multiple curve fits because of one or more ''kinks'' in the plotted data [e.g., Neukum and Hiller, 1981; Werner, 2005] . These kinks are interpreted to represent resurfacing events, in which the crater distribution has been affected by either the emplacement of new material (e.g., covering by new volcanic flows or aeolian deposition) or the degradation of existing material (e.g., by fluvial or aeolian erosion), such that the model age date marks the end of a period of significant erosion. A cratering model age is obtained from the crater production function [Hartmann and Neukum, 2001 ] using a nonlinear least squares fitting procedure (following Marquardt [1963] and Levenberg [1944] ). Any deviation from the crater production function indicates a modification of the geological unit as explained above.
[15] New piecewise fitting methods yield a refined cratering model age to identify the end of the resurfacing processes. The procedure involves fitting the well-known crater production function to the crater size range smaller than a certain diameter d* and predicting the expected number N(d*) of craters larger than that diameter. Because the production function is cumulative toward lower sizes, N(d*) influences the position of the curve in the smaller diameter range. There are two approaches to finding the expected N(d*): the first [Werner, 2005] is to calculate the excess in the measured N(d*) by fitting the production function to the larger diameter range. That fit can be used to obtain the excess over the smaller diameter fit at the cut-off diameter d*. The other approach (used here) is to obtain it by an iterative extrapolation process from the smaller diameter measurements alone [Michael and Neukum, 2007] . The corrected cumulative crater size-frequency distribution can finally be used to derive the resurfacing age. In cases where additional resurfacing processes took place, the correction has to be repeated at the next cut-off diameter [Werner, 2005] . On the basis of the morphology of a surface it might be possible to determine what kind of resurfacing occurred (e.g., volcanic, fluvial, aeolian). Usually, however, it is impossible to determine whether the smaller crater population was removed by deposition or erosion or a combination of both processes (e.g., exhumation).
Crater Count Results
[16] We assessed the ages for the caldera floor materials, proximal flank and flow materials, distal flank materials, and adjacent plains and plateau materials (Figure 7) .
Caldera Floor
[17] The caldera floor is the smoothest, least cratered part of the volcano at HRSC nadir resolution, which was mapped by Crown and Greeley [2007] as Hesperian caldera-filling materials (their unit Hcf), and interpreted as lava flows and/or pyroclastic flows representing late-stage activity. The smoothness apparent in HRSC and THEMIS images is an artifact of their resolution; higher-resolution MOC images show substantial texture on the caldera floor, with variations between different regions (Figure 4) . We think this is due to a complex sequence of deposition and Tables 1 and 2 for additional information on crater statistics. redistribution of aeolian materials on top of volcanic materials. An initial crater size-frequency distribution for the whole caldera floor (Figure 2 ) suggested that multiple crater retention surfaces were present, probably representing a formation age and one or more resurfacing ages due to later activity. Thus we produced size-frequency plots for two subregions of the caldera floor counted separately (Figures 3 and 7) that were subdivided on the basis of morphology: the center and east subregion (cf-1), and the southwest and north-northeast subregion (cf-2, including the low-lying areas inside the caldera rim). The separate counts (Figures 7 and 8a) show that the center and east subregion (cf-1) has a cratering model age of $3.5 Ga with possible resurfacing at $2.6 Ga, whereas the southwest and north- northeast subregion (cf-2) has a cratering model age of 3.5 Ga with possible resurfacing at $1.5 Ga. The youngest ages correlate with the smoothest parts of the caldera floor in HRSC images, although the surface morphology in MOC images suggests that differential aeolian erosion/deposition is as likely a candidate for the caldera resurfacing as a latestage volcanic event. Nevertheless, regardless of whether age assessment of the caldera is done as one single region or separate subregions, these results indicate that there was geologic activity of some kind within the caldera at three times in Martian history ($3.5, $2.6, $1.5 Ga), about a billion years apart and with the most recent activity extending well into the Amazonian Period (<2 -2.9 Ga), but ending over a billion years ago. This result is in contrast to those of Neukum et al. [2004b] , which indicate that the Tharsis volcanoes experienced effusive volcanic activity as recently as $100 -300 Ma.
Smooth Flank Materials
[18] We identified four regions on the north (nf-1, nf-2, nf-3) and southwest (swf) sides of the upper flank that correspond to parts of the smooth flank material (unit Hhfu) of Crown and Greeley [2007] . They interpreted this unit as likely pyroclastic flow deposits dissected by later fluvial activity, although to a lesser degree than the channeled lower flank material south of the caldera. This difference was attributed to steeper slopes on the southern flanks, where the channeled flank material is abundant. We attempted to outline regions that were not as heavily eroded as the channeled flank materials to the south. In the HRSC image and MOC images (Figure 9 ), surfaces nf-2 and nf-3 appear similar, and surfaces nf-1 and swf appear similar. If the Crown and Greeley [2007] hypothesis about the genesis of the smooth versus channeled flank materials is correct, then the cratering model ages of the channeled flank materials should be (in general) as young or younger than the smooth flank materials.
[19] We evaluated the smooth flank materials both as each unit individually as given in Table 1 , and as various Figure 9 . Portions of MOC-NA images of Smooth Flank materials as mapped by Crown and Greeley [2007] , corresponding to four of our crater count regions. At MOC resolution there is a general resemblance in surface morphology between surfaces nf-2 and nf-3 and between nf-1 and swf.
combinations. Our crater counts give a model age for nf-1 of 3.9 Ga, with possible resurfacing at 3.5 Ga (Figures 7 and  8b) and at 1.8 Ga, a model age for unit nf-2 of 3.3 Ga, a model age for unit nf-3 of 3.4 Ga with possible resurfacing at 2.0 Ga, and a model age for unit swf of 3.7 Ga, with possible resurfacing at 1.8 Ga. We interpret these results to confirm an ancient formation age of the Hadriaca edifice (3.7 -3.9 Ga), dating back to the Noachian Period. The 3.3-3.5 Ga ages likely represent a volcanic resurfacing event(s) that partially fills a crater NW of the caldera rim (units nf-2 and nf-3). This age is coincident with the 3.5 Ga oldest age of activity in the caldera and the 3.5 Ga resurfacing event of nf-1 (i.e., the terrain located between the caldera and nf-2). There is a series of small valleys on vf-1 that open toward the caldera, perhaps related to a nf-1 resurfacing event. However, from a spatial perspective, it is difficult to interpret older deposits (3.9 Ga) juxtaposed between younger deposits (3.5 Ga in caldera, 3.3-3.4 Ga further down on N flank) on the volcano. Possible explanations include (1) younger flank volcanic activity at nf-2 and nf-3 emplaced from flank vent(s) (not apparent in any images) or (2) younger flank activity is erosional and crater statistics reflect various mixtures of old primary volcanic surfaces and younger erosional surfaces. As in Hadriaca's caldera, there may have been some differential erosion occurring on the flanks. Nevertheless, all of these ages indicate that the time around 3.3 -3.5 Ga marks a period of widespread resurfacing (some of which was likely caused by volcanic activity) in the caldera and on the N-NW side of the volcano.
Channeled Flank Materials
[20] We mapped one unit of Hesperian channeled flank materials (Crown and Greeley [2007] map unit Hhfl) on the heavily dissected southern flanks of the volcano (sf). The channeled flank materials are described by Crown and Greeley [2007] as layered, radially dissected material containing numerous scarps, channels, and ridges, and are interpreted to be probable pyroclastic flow deposits dissected by fluvial activity. We obtained a cratering model age of 3.7 Ga (Figures 7 and 8c) , with a resurfacing age of 1.5 Ga. The 1.5 Ga age is indeed younger than the smooth flank materials on the N flank, and places a constraint on the time of some erosional (fluvial?) activity on the southern flank, which occurred at the same time as the youngest resurfacing activity in the caldera.
Additional Flank Materials
[21] More distally, we identified two regions of plateau and additional flank materials for age assessment. The first region (hp), occurring NNE of the caldera and appearing relatively uniform and smooth in the HRSC and THEMIS daytime-IR images, corresponds to a combination of smooth flank (Hhfu), channeled flank (Hhfl), and Hesperian smooth plateau materials (Hpl 3 ) in the Crown and Greeley [2007] map. Hesperian smooth plateau material is interpreted as sedimentary deposits of fluvial and aeolian origin, possibly including volcanic materials, which fill low-lying regions [Crown and Greeley, 2007] . We obtained a cratering model age of 3.4 Ga for unit hp (Figure 8e ), consistent with a Hesperian age for this unit and with formation at the same time (within uncertainties) of other units on the north flank and caldera.
[22] The second region (ef), occurring NE and E of the caldera, was mapped by Crown and Greeley [2007] as containing both Hesperian smooth plateau material (Hpl 3 ) and smooth and channeled volcanic flank material (units Hhfu, Hhfl), and impact crater ejecta, although this region appears relatively homogeneous in the HRSC image (see Figure 10 for a MOC view). Because of the similar surface morphology, we counted ef as one large region. We obtained a cratering model age of 3.8 Ga (Figures 7 and 8d) , with a resurfacing age of 2.4 Ga. The 3.8 Ga age of ef is consistent with the Noachian formation age of the Hadriaca Patera. The 2.4 Ga resurfacing age, and the morphologies of these regions suggest that there was a period of degradation of the flanks by fluvial erosion that occurred earlier in Hadriaca Patera's development.
Other Results

Topographic Analysis
[23] We used the HRSC orbit 550 DTM (125 m spatial resolution, $24 m vertical resolution) to assess the regional slopes on the flanks of Hadriaca Patera for comparison to MOLA data (Figure 11 ). It should be noted that preliminary HRSC DTMs are calibrated using the IAU 2000 ellipsoid, as opposed to MOLA data that are calibrated using the Mars ''areoid.'' Thus any comparison of surface elevations between HRSC and MOLA DTMs must take into account the difference between these two projections relative to location on the Martian surface (NOTE: Archival HRSC DTMs for each orbit, being produced by DLR beginning April 2007, will be calibrated to MOLA data).
[24] We used the EZ Profiler tool in ArcGIS 9.1 to produce slope transects on the flanks of the volcano at the same locations using both data sets, and found that the elevation differences were on the order of $4 km. However, regional slopes (change in elevation/change in distance) over distances of several hundred km show very good agreement between HRSC and MOLA. Previously, using MOLA data, Plescia [2004] found that the average slope on Hadriaca Patera (total elevation change for the distance across the flank) is 0.6°, and the mean slope (mean of the point to point slope calculations along the profile) is 0.8°, and he estimated the volume of the volcano to be 1.6 Â 10 4 km 3 . Our slope results are consistent with those of Plescia [2004] : Hadriaca Patera's flanks have slopes of <1°, with the steepest slopes (0.4 -0.9°) generally on the southern flank, confirming the interpretation of Crown and Greeley [2007] that the deeply dissected channeled flank materials are associated with somewhat steeper terrain. The northern flank of Hadriaca Patera is higher in elevation than the caldera, sloping southward (0.5 -0.6°). For the $50 km long N flank flows, this would indicate an uphill elevation change of 440 -520 m over 50 km, inconsistent with an interpretation of units nf-2 and nf-3 as lava flows. These units may best be attributed to pyroclastic flows (see next section). In addition, the Hadriaca Patera edifice could have settled to the SSE during the event(s) that formed Dao and Niger Valles, by perhaps as much as 0.9-1.5°(based on the differences in N and S flank slopes measured on the DTMs). This might explain the circumferential fractures noted on the northern flanks seen in the HRSC image, and some wrinkle ridge-like structures on the southern flank that postdate the presumed fluvial dissection.
Modeling Pyroclastic Flow Emplacement
[25] We have used the concept of the ''energy line'' [Sheridan, 1979; Crown and Greeley, 1993; Gregg and Farley, 2006 ] to investigate pyroclastic flow emplacement at Hadriaca Patera, constrained by the new slope information obtained from HRSC data: [Sheridan, 1979] . Lower gravity on Mars suggests that particle-particle interactions should be weaker there than on Earth, suggesting a range of C d on Mars of 0.05 -0.5 [Crown and Greeley, 1993; Wilson and Head, 1994] .
[26] Slopes on Hadriaca Patera range from 0.07°to 0.9°( Figure 9 ). The visible runout distances of pyroclastic flow deposits around Hadriaca Patera range from $120 km north of the summit (where the flow did not overtop an obstacle that is almost 4 km high), to $170 km directly south of the summit (where the deposits are cut by Dao Vallis), to $435 km to the southwest (their maximum measured extent in VO images [Crown and Greeley, 1993] ). Applying HRSC-derived slopes and these distances to equation (1) requires pyroclastic flow velocities of $30 m/s to travel the $120 km north of the summit, velocities of $120 m/s to travel the $170 km south of the summit, and velocities of $600 m/s to travel the $435 km southwest of the summit to their maximum mapped extent. For comparison, terrestrial pyroclastic flows have velocities $120 m/s [Sparks et al., 1997; Rosi, 2001] . However, there is considerable variation in the calculations of pyroclastic flow velocity, depending on the value of C d chosen and the assumption of slope value. For example, to reach 170 km from the summit, which is the distance Hadriaca Patera deposits are observed to crop out directly to the south, the pyroclastic flow velocity could be as large as $200 to 400 m/s. Interestingly, at these velocities, pyroclastic flows should have been capable of overtopping the obstacles observed to the north of the summit. If the obstacles were overtopped, then the distal deposits have been modified, removed, or buried and are no longer readily identified. Alternatively, the volcano may not have generated radially symmetric pyroclastic flows. Perhaps, like the May 18, 1980 eruption of Mount St. Helens [Lipman and Mullineaux, 1981] , there were some lateral or directed eruptions at Hadriaca Patera. This is consistent with the asymmetric distribution of the deposits as observed in available images. Alternatively, regional winds could have affected the distribution of the pyroclastic deposits, or the eruptions could have been fed from the caldera-bounding faults. If the volcano worked like a ''trapdoor'' (common for terrestrial calderas), then one side of Hadriaca Patera (perhaps the south) could have had more activity.
[27] Our modeling suggests that putative pyroclastic eruptions at Hadriaca Patera were as energetic as those previously modeled for Tyrrhena Patera based on earlier data [Greeley and Crown, 1990; Gregg and Farley, 2006] , and may have been emplaced as directed eruptions or lateral blasts. Cratering model ages show nearly contemporaneous volcanic and fluvial erosional activity on Hadriaca Patera's flanks and caldera, suggesting that the model results for Tyrrhena and Hadriaca Paterae are more likely governed by the degree of erosion of their deposits, and how continuously their deposits can be traced over various distances, than inherent differences in eruption behavior.
Discussion
[28] HRSC and other data sets provide new insight into the volcanic history of Hadriaca Patera. The new images support theories regarding the genesis and the ancient age of Hadriaca Patera and generally support the geologic mapping of Crown and Greeley [2007] . Their unit definitions are broadly consistent with the new data, although some unit boundaries on the NE flank could be altered. The HRSC images provide new details in some areas, such as in the caldera (e.g., indications of multiple stages of activity, possible scoria cones in the east) and on the north flank (e.g., well-defined layering as on the south flank, circumferential fractures indicative of late-stage settling of the summit region).
[29] A chronology of geologic activity on Hadriaca Patera can be recognized from the crater statistics (Table 2 and Figure 12 ). The nonuniformity of ages (Figure 7) on Hadriaca Patera indicates a complex geologic history. One might expect pyroclastic flows to either (1) become younger inward, indicating dissipation of energy over the period of eruptive activity, (2) have similar ages across the shield, indicating a large, late-stage eruption essentially concluded the period of eruptive activity (with exception of activity in the caldera), or (3) have ages varying with direction, indicating a series of lateral blasts. This is not the case on the northeast or southern flanks, where there is older material immediately adjacent to the caldera between younger material further down the flanks and in the caldera. These data suggest that there has been widespread, nonuniform erosion within the caldera and on the flanks of Hadriaca Patera. The cratering age dates clearly indicate that Hadriaca Patera formed early in Martian history, with the earliest shield-building events occurring $3.7-3.9 Ga, prior to the end of the Noachian period (3.5 -3.7 Ga [Hartmann and Neukum, 2001] ). The oldest preserved surface in the caldera is dated at $3.5 Ga. These dates are coincident (within uncertainties) with the $3.3-3.5 Ga ages on parts of the flanks and plains (unit nf-1 stands out, and must have undergone some modification to preserve the 3.9 Ga formation age where units vf-2 and vf-3 did not). On the southern flank, surface swf (3.7 Ga) has the same age as sf. Some parts of the S flank are more heavily dissected by channels than others, suggesting that fluvial erosion was Figure 12 . Graph of Hadriaca Patera age data for various crater count units. Cratering model ages (with error bars) are plotted relative to the Martian geologic timescale of Hartmann and Neukum [2001] . From this plot it is clear that most of Hadriaca Patera's flanks formed in the Noachian Period, with caldera and some northern flank units forming in the Hesperian. Resurfacing of various regions of Hadriaca Patera by fluvial and aeolian processes extended well into the Amazonian Period. N, S flanks 3.7 -3.9 volcanic, formation of shield more significant on some parts of the volcano. The youngest resurfacing ages of $1.5 Ga occur both on the S flank and along the southwest and northern inside margins of the caldera, in the smoothest material on the volcano (at tens of m/pixel resolution). However, the MOC images suggest differential aeolian erosion/deposition rather than young volcanic or fluvial activity within the caldera. Finally, pyroclastic flow modeling constrained by slopes and distances measured from the HRSC data suggest an equally energetic series of eruptions at Hadriaca Patera compared to Tyrrhena Patera, but possibly also involving asymmetric blasts.
[30] Recent work by Lillis et al. [2006] identified a positive magnetic anomaly over Hadriaca Patera, the only Martian volcano that has such an anomaly over the main edifice. Their work resulted in two hypotheses that have important implications for the Martian dynamo: (1) formation of a proto-Hadriaca edifice prior to the Hellas impact, that was magnetized by thermoremanent magnetization (TRM) in an early pre-Hellas dynamo magnetic field, and that was partially demagnetized by post-Hellas volcanic and hydrothermal activity; and (2) formation of a post-Hellas edifice in which a high-density magma body cooled and acquired TRM in a post-Hellas global magnetic field, that was reduced by volcanic and hydrothermal activity after cessation of the dynamo [Lillis et al., 2006] . Our results indicate that the Hadiaca edifice formed as early as 3.7-3.9 Ga, clearly after the Hellas impact ($4.0 Ga), and that volcanic and fluvial activity did occur later than 3.7 Ga, which could have acted to partially demagnetize the crust as Lillis et al. [2006] suggested. Unfortunately, our results do not further constrain which of the Lillis et al. [2006] hypotheses is more likely.
[31] All of our results hint at the complex volcanic and erosional history of Hadriaca Patera, and there are many aspects that have yet to be understood. Further study of the volcano using new spacecraft data (e.g., very high resolution images from the HiRise camera on the Mars Reconnaissance Orbiter), as well as spectrometers and magnetometers, will likely be necessary to elucidate many of these outstanding questions.
Conclusions
[32] New images from HRSC, combined with MOC, MOLA, and THEMIS data, enable a better understanding of the geology of Hadriaca Patera, and reveal a complex history of volcanic (likely pyroclastic) flow emplacement, differential aeolian erosion and deposition, and fluvial erosion. Hadriaca Patera formed early in Martian history, probably by pyroclastic emplacement from a central vent, forming the main edifice at $3.7-3.9 Ga. Regional flank slopes around Hadriaca Patera as measured by HRSC and MOLA DTMs are in good agreement, and are <1°but slightly steeper on the southern flank. A caldera existed by no later than $3.5 Ga. Resurfacing occurred in the caldera at 2.6 Ga and 1.5 Ga, although the exact mechanism cannot be determined. No evidence of lava or pyroclastic flows or fluvial deposits are present in the caldera in MOC images; rather there is evidence of differential erosion/deposition by aeolian processes. The north and south flanks of Hadriaca Patera are composed of well-defined layers, with scarps 40-70 m high as measured on SRC and MOLA/MOC data. Fractures on the north flank that are circumferential to the summit suggest late-stage settling of the summit region. Smooth flank and plains materials on the north flank, most likely pyroclastic flows, are $3.3-3.5 Ga. Fluvial resurfacing likely occurred on the eastern flank at $2.4 Ga, and on part of the NW and SW flanks at $1.8 Ga. The youngest cratering model ages on Hadriaca Patera occur on the interior, SW and N caldera floor, and the heavily channeled south flank, which are $1.5 Ga (within in the Amazonian Period). This age marks the end of the time of extensive fluvial erosion that is thought to have formed the southern channeled flank materials. In contrast to the Tharsis shields, major geologic activity ended at Hadriaca Patera over a billion years ago.
